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Abstract 
Predictive uncertainty for reactive transport modeling of CO2 geological storage arises due to high uncertainty in 
dissolution/precipitation rates. Here, the reactive transport modeling of the Frio sandstone formation is used as a case 
study. The major CO2 trapping mineral is ankerite, while the main dissolution minerals are oligoclase and chlorite. In 
this context, unlike the commonly used local sensitivity analysis, the sensitivity analysis is global so that the potential 
co-operative effects among input parameters can be investigated. Nine key factors for kinetic rates and reactive 
mineral surface areas with respect to precipitating and dissolving minerals (only oligoclase) are considered. 
Sensitivity results from the Morris method show that the dissolution rate of oligoclase knu_O, and its reactive surface 
area A_O, are the most sensitive parameters, with the largest effects on CO2 mineral capture. The variation of the 
total amount of CO2 captured by minerals is pronounced with multiple model runs from Morris samples, which 
suggests that reactive surface areas and kinetic rates have significant impacts on CO2 mineral sequestration. 
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1. Introduction 
Geological sequestration of CO2 in deep saline aquifers is considered one of the most promising means 
for mitigating global climate warming due to their massive carbon storage capacity [1]. Numerical 
modeling is an excellent tool for analyzing and predicting CO2 migration and mineral trapping capacity.  
Nomenclature 
A_O, A_Na, A_A            reactive surface area of oligoclase, Na-smectite and ankerite 
knu_O, knu_Na, knu_A       kinetic rate of oligoclase, Na-smectite and ankerite for neutral solution 
kH_O, kH_Na, kH_A         kinetic rate of oligoclase, Na-smectite and ankerite for acid solution 
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However, there are a variety of uncertainties, e.g., kinetic rate and reactive mineral surface area, which 
may affect the accuracy of modeling results. Sensitivity analysis (SA) can be used to improve 
understanding of geochemical model behavior. Global SA examines the sensitivity of model outputs to 
the entire range of variation of input factors. Thus, global SA studies detect the relevance and interactions 
among input variables, in fact, can help model users interpret simulation results.  
In this study, a 1-D radial injection model is proposed to study the geochemical changes and mineral 
trapping mechanism using the reactive geochemical transport code TOUGHREACT [2]. The global SA, 
i.e., Morris method, which needs fewer model runs, is used to assess influence of the unknown kinetic 
rates and reactive surface areas of the main precipitation and dissolution minerals like oligoclase, which 
may provide some insights into model behavior. 
2. Reactive transport modeling 
The Frio sandstone formation has been proposed as a geological CO2 reservoir, and makes a suitable 
case study for reactive geochemical transport simulation. The porosity and permeability of the Frio 
Formation are 0.3 and 100 mD. The initial mineral compositions (Table 1) of sandstone are taken from 
Xu et al. [3]. Calcite is assumed to react at local equilibrium because of its rapid reaction rate. CO2 is 
injected at the centre of the injection configuration with a constant rate of 90 kg/s for 10 years. To 
decrease the time consumption of the global sensitivity analysis in the next section, we just consider 300 
years for flow and reactive transport simulation. 
                            Table 1. List of mineralogical compositions. 
Primary minerals Vol.% A (cm2/g) Secondary minerals Vol.% A (cm2/g) 
Quartz 57.89 9.8 Magnesite 0.0 9.8 
Kaolinite 2.02 151.6 Dolomite 0.0 9.8 
Calcite 1.93  Low-albite 0.0 9.8 
Illite 0.95 151.6 Siderite 0.0 9.8 
Oligoclase 19.8 9.8 Ankerite 0.0 9.8 
K-feldspar 8.18 9.8 Dawsonite 0.0 9.8 
Na-smectite 3.9 151.6 Ca-smectite 0.0 151.6 
Chlorite 4.56 9.8 Pyrite 0.0 12.9 
3. Results and discussion 
3.1. Reactive transport modeling results 
Variations in mineral trapping abundances after 300 years are shown in Fig. 1. Calcite initially 
dissolves, and then precipitates steadily. The main dissolving minerals are aluminosilicates such as 
oligoclase and chlorite (Fig. 1a). Na-smectite and ankerite precipitate significantly, as dissolving minerals 
provide Na+, Fe2+ and Mg2+. After 300 years, a maximum volume fraction of 1.8% and 0.86% is observed 
at 1250 m distance for Na-smectite and ankerite, respectively. There are also small amounts of dawsonite 
and magnesite precipitate, however, no dolomite or siderite forms. As a result, the injected CO2 is mainly 
immobilized by precipitation of three carbonate minerals: ankerite, dawsonite and magnesite. It can be 
seen from Fig. 1b that the CO2 mineral trapping capacity primarily depends on the initial amount of 
oligoclase and chlorite. The total amount of CO2 captured by mineral sequestration is about 4.16×109 kg, 
which accounts for about 15 wt.% of total amount of CO2 injection.  
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Fig. 1. Change in mineral abundance (vol.%, negative values indicate dissolution and positive precipitation) after 300 years. 
3.2. Global sensitivity analysis using Morris method 
The dissolution and precipitation rates have a large uncertainty. We performed global SA using the 
Morris method based on the total amount of CO2 mineral sequestration after 300 years as a response 
variable. Morris [4] proposed two sensitivity measures, that is, the mean (μ, estimating the overall effect 
of input factors on model output) and the standard deviation (σ, detecting the total high-order influences 
that indicate possible interaction effects among variables on the output) of the group of elementary effects 
for each variable. When μ is higher, the input variable is considered to be more sensitive, as a small 
change may result in a large deviation of output and vice versa.  
Nine key factors with respect to kinetic rates and reactive surface areas of Na-smectite, ankerite and 
oligoclase, which are the main precipitation and dissolution minerals, are evaluated. The parameter range 
of kinetic rate and reactive area (Table 2) used in our study are from Xu et al.[5] and Zwingmann et al.[6].  
Table 2. Parameter range of kinetic rates and reactive surface areas for Morris sensitivity analysis. 
Mineral A(cm2/g) 
kinetic rate k25(mol/m2/s) 
Neutral mechanism Acid mechanism 
default Range default Range 
Oligoclase 0.98~980 1.45×10-13 1.45×10-15~1.45×10-12 2.14×10-11 2.14×10-13~2.14×10-10 
Na-smectite 15~15000 1.66×10-13 1.66×10-15~1.66×10-12 1.05×10-11 1.05×10-13~1.05×10-10 
Ankerite 0.98~980 1.26×10-9 1.26×10-11~1.26×10-8 6.46×10-4 6.46×10-6~6.46×10-3 
We assess the effects of nine input variables on amount of mineral trapping with 100 model 
executions. The sample size N=r×(k+1), where k is the number of input factors, and r is the number of 
trajectories; in our study r=10. Fig. 2a demonstrates the ranked results in terms of μ displayed on a μ-σ 
plane, knu_O and A_O are the most sensitive parameters with the similar μ and σ, which means they have 
the strongest influence on mineral trapping, and the high-order interaction effects of them are also largest. 
While A_A and kH_A almost have no effects with values of zero both for μ and σ, because the mineral 
capture of ankerite is smaller and the acid catalysis is not considered for mineral precipitation. For each 
mineral, the sensitivity order is the neutral kinetic rate, reactive surface area and acid kinetic rate due to 
higher μ. In summary, oligoclase abundance has a more significant effect on CO2 mineral capture due to 
the large availability of Na+ for Na-smectite precipitation. Fig. 2b shows the total-mass of CO2 mineral 
sequestration vs. its corresponding occurrence frequency. The amount of mineral trapping changes from 
9.6 to 14 (×109 kg) using 100 model runs with different input parameters. It can be seen that reactive 
surface areas and kinetic rates indeed have significant impacts on CO2 mineral sequestration. 
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Fig. 2. (a) Sensitivity analysis from Morris method; (b) total amount of CO2 captured by mineral trapping from 100 Morris samples. 
4. Conclusions 
Multiphase reactive transport model of the Frio sandstone formation is used as a case study for 
parameter uncertainty for CO2 mineral trapping. Simulation results from TOUGHREACT indicate that 
the major dissolving minerals are oligoclase and chlorite, and the main CO2 trapping mineral is ankerite. 
The sensitivity results of the Morris method show that knu_O and A_O are the most sensitive parameters, 
and have the largest effects on the total amount of CO2 mineral sequestration. For each mineral, the 
neutral kinetic rate has a greater effect than reactive surface area and acid kinetic rate. The fluctuation in 
amount of CO2 mineral trapping is pronounced within multiple Morris samples, which suggests that 
reactive surface areas and kinetic rates have significnat impacts on CO2 mineral sequestration. 
In this paper, we only considered the effects of precipitation minerals and dissolved oligoclase. 
Addition of dissolved chlorite is needed to further evaluate the influences of dissolution/precipitation 
rates and hydrogeological parameters on the amount of CO2 mineral sequestration. 
Acknowledgements 
This work was supported by the Natural Science Foundation of Jiangsu Province (BK2012313) and 
“Potential and early opportunity for CO2 geological sequestration in Jiangsu Province” project 
(BY2010136) from Department of Science and Technology of Jiangsu Province.  
References 
[1] IPCC. Carbon dioxide capture and storage. Cambridge University, Cambridge, 2005. 
[2] Xu TF, Sonnenthal E, Spycher N, Pruess K. TOUGHREACT-A simulation program for non-isothermal multiphase reactive 
geochemical transport in variably saturated geologic media: Applications to geothermal injectivity and CO2 geological 
sequestration. Comput Geosci 2006; 32: 145-165. 
[3] Xu TF, Kharaka YK, Doughty C, Freifeld BM, Daley TM. Reactive transport modeling to study changes in water chemistry 
induced by CO2 injection at the Frio-I Brine Pilot. Chem  Geol 2010; 271: 153-164. 
[4] Morris MD. Factorial sampling plans for preliminary computational experiments. Technometrics 1991; 33: 161-174. 
[5] Xu TF, Apps JA, Press K. Mineral sequestration of carbon dioxide in a sandstone-shale system. Chem Geol 2005; 295-318. 
[6] Zwingmann N, Mito S, Sorai M, Ohsumi T. Pre-injection Characterization and Evaluation in the Haizume Formation, Niigata 
Basin, Japan. Oil & Gas Science and Technology 2005; 249-258. 
